Virion stability and aphid vector transmissibility of Cucumber mosaic virus mutants  by Ng, James C.K. et al.
www.elsevier.com/locate/yviroVirology 332 (20Virion stability and aphid vector transmissibility of
Cucumber mosaic virus mutants
James C.K. Nga,1, Caroline Josefssona,2, Anthony J. Clarka,b,3,
Alexander W.E. Franza,4, Keith L. Perrya,b,*
aDepartment of Botany and Plant Pathology, Purdue University, West Lafayette, IN 47907, USA
bDepartment of Plant Pathology, Cornell University, Ithaca, NY 14853, USA
Received 30 September 2004; returned to author for revision 26 October 2004; accepted 17 November 2004
Available online 18 December 2004Abstract
The physical stability of virions of Cucumber mosaic virus (CMV) mutants was investigated to determine if relative stability correlated
with efficiency of aphid transmission. Virion stability was evaluated by a urea disruption assay and by testing the infectivity of virus
following purifications. All viruses were infectious when purified using a low salt buffer without organic solvent, whereas two of seven
viruses were less stable and inactivated following purification with a high salt buffer and chloroform. These two viruses were both
reassortants derived from the spontaneous transmission-defective mutant CMV-M (F1F2M3 and F1F2M3-L129P). F1F2M3 was relatively
unstable, being disrupted between 0 and 1 M urea versus the wild-type CMV-Fny (F1F2F3) that was destabilized at 3–4 M urea.
Modifications of F1F2M3 at three amino acid positions (129, 162, 168), singly or in combination, increased the relative stability of virions. A
second class of transmission-defective CMVs with engineered mutations in the hH-hI surface loop of the CMV-Fny capsid protein (CP)
exhibited near wild-type levels of stability. Lastly, a single Pro to Leu substitution at CP position 129 of CMV-Fny (F1F2F3-P129L) conferred
the induction of necrosis in tobacco plants and reduced aphid transmissibility, but did not markedly alter the physical stability of virions.
Thus, only among CMV-M derivatives harboring the CP mutation of Thr to Ala at position 162 were increases in stability correlated with
restoration of transmissibility by the aphid Aphis gossypii.
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Cucumber mosaic virus (CMV) is distributed worldwide
and has a remarkably wide host range, totaling more than 775
plant species representing 86 families (Douine et al., 1979;
Kaper andWaterworth, 1981). CMV is the type species of the
genus Cucumovirus with a divided genome consisting of
three single-stranded, plus-sense RNA components (Palu-
kaitis and Garcia-Arenal, 2003; Peden and Symons, 1973;
Van Regenmortel et al., 2000). RNAs 1 and 2 code for
proteins that are associated with the replication of the viral
genome (Hayes and Buck, 1990; Nitta et al., 1988). RNA 2
also encodes an additional protein that is a suppressor of
posttranscriptional gene silencing and affects multiple
functions including long distance movement and host range05) 397–405
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dicistronic, coding for both the 3a movement protein
(Kaplan et al., 1995; Suzuki et al., 1991) and the capsid
protein (CP), the latter being translated from a subgenomic
messenger (RNA 4) (Habili and Francki, 1974; Schwing-
hamer and Symons, 1977).
CMV is transmitted by aphid vectors in a nonpersistent
manner, a mode characterized by a rapid rate of virus
acquisition and delivery, the absence of a latent period, and
an increase in transmission efficiency following the pre-
acquisition starvation of aphids (Harris, 1990; Ng and Perry,
2004; Pirone and Perry, 2002). A successful aphid trans-
mission event is dependent upon the uptake, retention,
stability, and release of virions from regions within the
mouthparts of the vector. Mutants that are defective in any
of these processes may be defective in aphid transmission
(Perry, 2000). Studies of transmission-defective mutants
have shown that CP is a primary determinant of aphid
transmission for both CMV and a second group of
nonpersistently transmitted viruses, the potyviruses (genus
Potyvirus) (Chen and Francki, 1990; Gera et al., 1979;
Pirone and Perry, 2002).
Four spontaneous mutants of CMV defective in aphid
transmission have been reported (Badami, 1958; Mossop
and Francki, 1977; Ng et al., 2000; Rodriguez, 1993). Of
these mutants, CP genes of three have been sequenced
(CMV-M, CMV-C, and 2A1-MT-60x) and CMV-M has
been most intensively studied (Gera et al., 1979; Mossop
and Francki, 1977; Mossop et al., 1976; Ng et al., 2000;
Owen et al., 1990; Perry et al., 1994, 1998; Rao and
Francki, 1982; Shintaku, 1991b). CMV-M is poorly trans-
missible by the aphid Aphis gossypii and is not transmissible
by the aphid Myzus persicae (Mossop and Francki, 1977;
Perry and Francki, 1992; Perry et al., 1998), whereas the
wild-type CMV-Fny (Banik and Zitter, 1990) is efficiently
transmitted by both aphid species (Perry et al., 1998). CMV-
M has altered physical properties, as it cannot be purified
under standard purification conditions involving a high salt
(1.5 M sodium) extraction buffer in the presence of
chloroform (Mossop et al., 1976). CMV-M CP differs from
wild-type CMV-Fny at eight amino acid positions (Owen et
al., 1990; Shintaku and Palukaitis, 1990), and a modifica-
tion of two of these amino acids (positions 129 and 162) is
sufficient to restore transmission by A. gossypii (Perry et al.,
1998). The defect in the aphid transmission of the
spontaneous mutants is hypothesized to be due to a
reduction in virion stability; this is based on structural
studies and the fact that CMV-M and 2A1-MT-60x exhibit a
reduced stability in an in vitro urea disruption assay (Ng et
al., 2000). A second class of transmission-defective CMV
mutants includes those with engineered CP mutations.
Mutations have been introduced in a highly conserved CP
surface domain (the H-I loop) of CMV-Fny (Liu et al., 2002;
Smith et al., 2000). These H-I loop mutations resulted in a
reduction or loss of aphid transmissibility. Unlike CMV-M,
these H-I loop mutants can be purified under standardpurification conditions. The purpose of this study was 2-
fold: (i) to extend previous observations on the instability of
CMV-M and to determine if mutations that restored aphid
transmission also increased virion stability, and (ii) to
determine if H-I loop mutants exhibited wild-type levels
of stability. Virion stability was evaluated both in a urea
disruption assay and through recovery of infectious virions
following purification under different conditions.Results
Aphid transmissibility and stability of reassortant viruses
Previous studies of the transmission-defective CMV-M
have identified CP amino acids that restored aphid trans-
mission (Perry et al., 1994, 1998), and the positions of
amino acids suggest they play a role in virion stability
(Smith et al., 2000). Therefore, we investigated the effects
of CP amino acid changes on the physical stability of virions
using two approaches: (i) by testing the effects of
purification on the retention of infectivity using a standard
procedure versus a dmilderT CMV-M procedure (Mossop et
al., 1976), and (ii) by comparing the relative stabilities of
virions in an in vitro urea disruption assay (Ng et al., 2000).
The viruses initially evaluated were reassortants with
RNA3s derived from CMV-M, but with the addition of
one to three amino acid changes (Table 1). The reassortant
viruses were generated by inoculating plants with RNAs
transcribed from cDNA clones of CMV-Fny RNAs 1 and 2,
and RNA 3s derived from cDNA constructs listed in Table
1. Two transmission-defective reassortant viruses (number 1
and 2) with RNA 3s derived from the cDNA clones of pM3
and pM3-L129P, respectively (Perry et al., 1998), were not
infectious following purification by the standard procedure,
but were infectious following purification by the CMV-M
procedure (Table 1). This is in contrast to wild-type virions
(represented by reassortant virus 7, F3) and other mutants
that were infectious following purification by the standard
procedure (Table 1). Virions of reassortant viruses 1 and 2
from infectious preparations were subjected to agarose gel
electrophoresis and migrated as a single band in an agarose
gel (Fig. 1, lanes 2 and 4). In contrast, material from
noninfectious preparations aggregated in the well, migrated
as a smear, and contained an uncharacterized faster
migrating band (Fig. 1, lanes 3 and 5), suggesting the virus
had been disrupted. The aphid transmissible reassortant
viruses 3 and 4 with RNA 3s derived from the cDNA clones
pM3-L129P/T162A and pM3-L129P/T162A/C168Y, respec-
tively (Perry et al., 1998), were infectious following
purification by both the CMV-M and standard procedures
(Table 1) and migrated as a single band to the same position
in an agarose gel (Fig. 1, lanes 6–9), indicating the virions
were intact.
In previous studies with transmission-defective mutants
CMV-M and 2A1-MT-60x, the CP amino acid position 162
Table 1
Infectivity and aphid transmission of reassortant viruses
Reassortant virusa RNA 3-specific cDNA Infectivity of purified virusb Aphid transmissionc
Standard procedure CMV-M procedure
1 M3  (undiluted) + (), P* = 0.0%d, 0.9%e
2 M3-L129P  (undiluted) + (), P* = 0.4%e
3 M3-L129P/T162A + + (+), P* = 6.1%
e
4 M3-L129P/T162A/C168Y + + (+), P* = 18.2%
e
5 M3-T162A + + 20/54, P* = 4.5%
6 F3-P129L + + (undiluted) 2/20, P* = 1.0%
7 F3 + + 20/20, P* z 25.9%f
a Reassortant viruses were derived from infectious transcripts synthesized from full-length cDNA clones of CMV-Fny RNA 1 (F1), RNA 2 (F2), and the RNA
3-specific cDNAs indicated.
b + indicates infectivity on mechanically inoculated N. tabacum plants. Inoculations were made using two independent virus preparations diluted to 100 Ag/ml.
In cases where no infection was observed, repeat inoculations were made using the undiluted virus preparations as indicated.
c Aphid transmission was scored as the number of infected plants over the total number of plants tested using 10 aphids of Aphis gossypii per target plant. The
P* values are the estimated probability of transmission by single aphids (Gibbs and Gower, 1960);  and + indicate transmission at P* b 1.0% or P* N 1.0%,
respectively.
d The P* value was calculated from the data presented in Perry et al. (1994).
e The P* values were calculated from the data presented in Perry et al. (1998).
f Because the use of a P* value of 100% for reassortant virus 7 would be a biased overestimate, a more conservative underestimate is given assuming 19 of 20
plants infected. This value is consistent with previous observations and analyses (Perry and Francki, 1992, Perry et al., 1998).
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Perry et al., 1998). The mutant 2A1-MT-60x harbored a
single amino acid change of threonine to alanine at position
162 (T162A) that restored aphid transmission. In order to
study the effects of a change of amino acid 162 alone in a
CMV-M RNA 3 background, an additional mutant (reas-
sortant virus 5) was constructed; this virus contained an
RNA 3 derived from the cDNA clone of pM3-T162A with
an encoded change of T162A. Reassortant virus 5 displayed
a transmission phenotype that was similar to that of
reassortant virus 3; it was transmissible by A. gossypii,
but with a considerably reduced efficiency relative to the
wild-type CMV-Fny (F3, Table 1). Virions of reassortant
virus 5 purified by both the CMV-M and standard
procedures were infectious (Table 1) and migrated mainly
as a single band in an agarose gel (Fig. 1, lanes 10 and 11).
A faint band could be seen migrating below the main virion
band in virion preparations purified by the CMV-MFig. 1. Agarose gel electrophoresis of virions of viruses with mutant capsid
protein genes. Samples were subjected to electrophoresis in a non-
denaturing, 1.2% TAE agarose gel at pH 9, followed by staining in
ethidium bromide. Lanes 1, 2, 4, 6, 8, and 10 contain virions prepared by
the CMV-M procedure (M). Lanes 3, 5, 7, 9, and 11 contain virions
prepared by the standard procedure (S). Lane 1, CMV-M; lanes 2 and 3,
reassortant virus 1 (F1F2M3); lanes 4 and 5, reassortant virus 2 (F1F2M3-
L129P); lanes 6 and 7, reassortant virus 3 (F1F2M3-L129P/T162A); lanes 8
and 9, reassortant virus 4 (F1F2M3-L129P/T162A/C168Y); lanes 10 and 11,
reassortant virus 5 (F1F2M3-T162A).procedure (Fig. 1, lane 10). The migration of this band
corresponded with that of host material from uninfected N.
clevelandii prepared by the CMV-M procedure, material
that is occasionally but not consistently observed in
preparations from infected plants (data not shown). Con-
sistent with results from studies of 2A1-MT-60x, these
observations indicate a single amino acid change at position
162 can restore some level of virion stability and aphid
transmissibility.
Urea disruption assays of reassortant viruses
In order to test for a correlation between virion stability
and amino acid modification(s) that restored aphid trans-
missibility, the physical stabilities of reassortant viruses 1, 2,
3, 4, and 5 were tested in urea disruption assays. The
transmission-defective reassortant virus 1 with CMV-M CP
(F1F2M3) exhibited a level of stability similar to that of
CMV-M (Ng et al., 2000); virions were completely
disrupted and aggregated in the wells at a urea concentration
of 1 M (Fig. 2A). This was in marked contrast to virions of
the wild-type virus CMV-Fny that were disrupted at
concentrations of 4 M or higher (Fig. 2G); in some
experiments, a proportion of wild-type virions were affected
at 3 M urea (Fig. 4). The very poorly transmissible
reassortant virus 2 (F1F2M3-L129P) demonstrated a reduced
level of stability; it migrated in the agarose gel as a single
band following treatment with 1 M urea, but virions were
completely disrupted and aggregated at urea concentrations
of 2 M or higher (Fig. 2B). The aphid-transmissible
reassortant virus 3 (F1F2M3-L129P/T162A) had an inter-
mediate level of stability, migrating in an agarose gel as a
single band following treatments of up to 2 M urea (Fig.
2C). Reassortant virus 4 (F1F2M3-P129L/T162A/C168Y)
and reassortant virus 5 (F1F2M3-T162A) displayed levels of
Fig. 2. Urea disruption assay of Cucumber mosaic virus reassortants. Virions in panels A–E and panel G were purified by the CMV-M procedure. Virions in
panel F were purified by the standard CMV procedure. Virions were incubated on ice (first lane) or at 20 8C (all other lanes) for 1 h with increasing
concentrations of urea (indicated at the bottom of the figure). Virions were subjected to electrophoresis in a nondenaturing, 1.2% TAE agarose gel at pH 9,
followed by staining in ethidium bromide. Panel A, reassortant virus 1 (F1F2M3); panel B, reassortant virus 2 (F1F2M3-L129P); panel C, reassortant virus 3
(F1F2M3-L129P/T162A); panel D, reassortant virus 4 (F1F2M3-L129P/T162A/C168Y); panel E, reassortant virus 5 (F1F2M3-T162A); panel F, reassortant virus
6 (F1F2F3-P129L); panel G, CMV-Fny (reassortant virus 7, F1F2F3).
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L129P/T162A) (Figs. 2D and E). Reassortant viruses 3, 4,
and 5 were all transmissible by A. gossypii, but amino acid
changes in addition to that at position 162 were associated
with increased levels of aphid transmission (Table 1).
Virions with a mutation at capsid protein amino acid
position 129
In order to further assess the role of amino acid position
129 in aphid transmission, a proline to leucine substitution
was introduced in a wild-type CMV-Fny. Reassortant virus 6
(F1F2F3-P129L) with an RNA 3 derived from the cDNA
clone of pF3-P129L was infectious (Table 1) and migrated as
a single band in an agarose gel following purification by the
standard procedure (Fig. 3, lane 3). In contrast, virions of
reassortant virus 6 purified by the CMV-M procedure hadonly limited infectivity (Table 1). Additionally, no virus-
specific band was observed in the agarose gel analysis,
although an uninfected plant-specific band was observed
(Fig. 3, lanes 4 and 6). The recovery of virions using the
standard procedure but not with the milder CMV-M
procedure was contrary to all previous results. Therefore, it
was hypothesized that following the initial homogenization
of plant tissue in the CMV-M procedure extraction buffer,
virions were trapped and lost in the pellet from the first
15000  g centrifugation. To test this hypothesis, the pellet
obtained from the initial 15000  g centrifugation was
resuspended in the standard procedure extraction buffer,
subjected to ultracentrifugation, and the resulting pellet
resuspended in the standard procedure resuspension buffer
(buffer C). When this preparation was subjected to agarose
gel electrophoresis, a stainable band that comigrated with
virions was observed (Fig. 3, lane 5). This preparation was
Table 2
Aphid transmission of purified virions of Cucumber mosaic virus following
in vitro acquisition via membrane feeding
Experimenta Virion
concentration
(mg/ml)
Aphid transmissionb
Wild-type
(CMV-Fny)
Reassortant virus 6
(F1F2F3-P129L)
1 3.5 5/5 1/5
2 0.12 9/10 1/10
3 1.4 5/5 0/5
a Virions were purified either by the standard procedure alone (Experiment
1) or by the standard procedure combined with an additional ultra-
centrifugation through a 20–40% sucrose gradient (Experiments 2 and 3).
b Transmissions were performed using Aphis gossypii fed on purified
virions of the indicated viruses. Aphid transmissions were scored as the
number of infected plants over the total number of plants tested using 10 A.
gossypii per target plant.
Fig. 3. Agarose gel electrophoresis of Cucumber mosaic virus virions and
uninfected plant extracts. Samples were subjected to electrophoresis in a
nondenaturing, 1.2% TAE agarose gel at pH 9, followed by staining in
ethidium bromide. Virions were purified by the standard (S) or CMV-M
(M) procedure. Lane 1, CMV-Fny purified from N. tabacum; lane 2,
CMV-Fny purified from N. clevelandii; lanes 3 and 4, reassortant virus 6
(F1F2F3-P129L) purified from N. clevelandii; lane 5, reassortant virus 6 as
shown in lane 4, except that the purification procedure (denoted by MP)
involved resuspending the pellet obtained from a high-speed centrifugation
(15000  g) in Buffer A (0.5 M trisodium citrate, pH 6.5) instead of a 0.1
M dibasic sodium phosphate, pH 8.0 buffer; lane 6, uninfected N.
clevelandii extract.
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concentration of 100 Ag/ml. These results indicated that the
P129L mutation altered the physical properties of virions. In
urea disruption assays, reassortant virus 6 exhibited a level of
stability comparable to that of the wild-type CMV-Fny (Fig.
2F) in that virions migrated in an agarose gel as a single band
following treatments of up to 3–4 M urea, although some
differences were apparent. There was a strong tendency for
virions of reassortant 6 to aggregate and not enter the gel
(Fig. 2F; Fig. 3, lanes 3 and 5), although the extent of
aggregation varied in different preparations. Additionally, a
residual level of virions of reassortant 6 was stable in 5 M
urea, a property not seen for the wild-type virus. Although
virions of reassortant virus 6 were quite stable, this virus was
poorly transmitted by A. gossypii (Table 1).
Reassortant virus 6 (F1F2F3-P129L) gave rise to atypical
necrotic symptoms on three different host plants. In tobacco,
N. clevelandii , and squash (Cucurbita pepo) plants,
infection by the wild-type CMV-Fny gave rise to mosaic
symptoms, without necrosis. On leaves of tobacco inocu-
lated with the reassortant virus 6, necrotic lesions arose 4–5
days postinoculation; lesions subsequently coalesced, kill-
ing the leaves. Systemically infected tobacco leaves were
initially chlorotic, but this was followed by a rapid necrosis,
often within 24 h of the first observed chlorosis. In N.
clevelandii, the infection progressed rapidly, resulting in
necrosis and the collapse and death of plants 5–8 days
postinoculation. In squash, necrotic local lesions developed
on inoculated cotyledons, but systemic infection was not
observed; reassortant virus 1 (F1F2M3) was the only other
virus in this study that failed to systemically infect squash.
The atypical necrotic symptoms in these three hosts were in
contrast to the mottle mosaic induced by the other mutants
described in this study.
The aphid transmission of reassortant virus 6 (F1F2F3-
P129L) was likely to have been affected by the condition ofthe host, as the systemically infected source leaves used in
the transmission work had to be selected during the narrow
window of time following the appearance of chlorosis, but
before the onset of extensive necrosis. Host factors
associated with the onset of necrosis might affect the
acquisition of virions from infected tissues. Therefore, it
was desirable to evaluate the intrinsic aphid transmissibility
of purified virions of reassortant virus 6 in a membrane
feeding assay as compared to the wild-type virus (CMV-
Fny). Purified CMV-Fny at concentrations ranging from
0.12 to 3.5 mg/ml were efficiently transmitted by A.
gossypii, with an overall transmission of 19 out of 20 target
plants infected (Table 2). In contrast, A. gossypii trans-
mission of purified reassortant virus 6 at the same
concentrations resulted in an overall score of 2 out of 20
plants infected (Table 2). The virion preparations were of
comparable infectivity when mechanically inoculated onto
N. clevelandii. The membrane feeding transmission pheno-
type was similar to that observed in plant-to-plant trans-
mission experiments (Table 1), suggesting that acquisition
was not a limiting factor and intrinsic properties of the
virions were responsible for the defect in transmission.
Urea disruption assays of H-I loop mutants
In a previous study, modifications in a highly conserved
surface domain (the H-I loop) resulted in a reduction or loss
of aphid transmission. In order to determine if a loss of
aphid transmissibility correlated with a reduction in virion
stability, it was of interest to assess the virion stability for
the H-I loop class of transmission-defective mutants. Of the
eight transmission-defective H-I loop mutants investigated,
virions from only five could be analyzed in the urea
disruption assay; the others aggregated in the wells and did
not migrate in agarose gels under the same set of electro-
phoretic conditions (Liu et al., 2002). There were limited
differences in stability between the transmission-defective
H-I loop mutants and wild-type CMV-Fny (Fig. 4). The
majority of virions of wild-type CMV-Fny were disrupted at
4 M urea, although in these experiments a fraction of the
Fig. 4. Urea disruption assay of Cucumber mosaic virus H-I loop mutants.
Virions were incubated on ice (lanes 1 and 7) or at 20 8C (lanes 2–6 and 8–
12) for 1 h with increasing concentrations of urea (indicated at the bottom
of the figure). Virions were subjected to electrophoresis in a nondenaturing,
1.2% TAE agarose gel at pH 9, followed by staining in ethidium bromide.
In all panels, the wild-type CMV-Fny is in lanes 1–6. The mutants in lanes
7–12 are as follows: panel A, mutant D191A (F1F2F3-D191A); panel B,
mutant D192A (F1F2F3-D192A); panel C, mutant L194A (F1F2F3-L194A);
panel D, mutant E195A (F1F2F3-E195A); panel E, mutant D197A (F1F2F3-
D197A). Mutant viruses are as indicated on the right of each panel.
J.C.K. Ng et al. / Virology 332 (2005) 397–405402virions appeared to remain intact (Fig. 4). Virions of the
mutant D191A (F1F2F3-D191A) were disrupted at 3 M urea,
but partial disruption at this concentration was also observed
both for the other mutants and the wild-type CMV-Fny.
Thus, the H-I loop mutants tested appear to have wild-type
levels of stability and the defect in the aphid transmission of
this group of mutants is most likely due to altered physical
properties distinct from stability.Discussion
Two classes of CP mutants, spontaneous and engi-
neered, have been evaluated to determine the correspond-
ence between relative virion stability and aphid
transmissibility. This study extends previous work on
aphid transmissibility and stability of the transmission-
defective CMV-M and derivatives thereof (Chen and
Francki, 1990; Mossop and Francki, 1977; Ng et al.,
2000; Perry et al., 1994, 1998). Reassortants 1 and 2
with either CMV-M CP (M3) or M3-L129P were verypoorly or not transmitted by A. gossypii, respectively (P*
values b 1.0%; Perry et al., 1994, 1998) and were not
stable under standard purification conditions. Virions of
these viruses were also relatively unstable in the urea
disruption assay, being disrupted by 1 or 2 M urea. All
CMV-M CP reassortants with the T162A mutation
exhibited a low or intermediate level of aphid trans-
missibility (P* = 6.1–18.2%) and were stable under
standard purification conditions. These mutants also dem-
onstrated a greater physical stability in the urea assay, being
disrupted at 3–4 M urea. Thus, among the mutants with
threonine versus alanine at position 162, there was a
correspondence between relative stability and aphid trans-
missibility, supporting the model that for this set of
mutants, the defect in transmission was due to the reduction
in virion stability.
Not all aphid nontransmissible mutants proved to be
unstable. This is what was predicted and herein further
substantiated for the CMV-Fny-derived transmission-
defective H-I loop mutants. These mutations were
predicted to alter a surface charge or structure that in
turn would disrupt vector transmission (Liu et al., 2002;
Perry, 2000). The H-I loop mutants could all be purified
by the standard procedure, suggesting virions were
relatively stable. Their relative stability was confirmed
in this study using the urea disruption assay. Furthermore,
for the most part the H-I loop mutants were not altered
in their infectivity, systemic invasion, accumulation, or
symptom induction (Liu et al., 2002). Thus, for this set
of mutants, the defect in transmission was not due to a
reduction in virion stability, but more likely to an
alteration in virion surface properties. Two of the H-I
loop amino acids (D192 and E198) are involved in the
binding of a metal ion at the surface of virions (Smith et
al., 2000). This bound metal will influence the surface
structure and charge and may determine virion binding or
release from within the aphid vector. An intriguing
parallel has been reported for bound metal in virions of
Cucumber necrosis virus and the role they may play in
virion binding to zoospores of the fungal vector (Kakani
et al., 2004).
The above models are supported by analyses of the
atomic structure of CMV. The H-I loop was visualized as an
acidic patch fully exposed on the surface of virions and not
expected to directly affect CP subunit–subunit interactions
(Smith et al., 2000). By contrast, amino acid 162 is
positioned in the F-G loop, a structure that assumes different
orientations and structures at the 5-fold versus 3-fold axis. A
mutation at position 162 would likely affect the plasticity of
the CP and interfere with its ability to fulfill the needs for
quasi-equivalence (Smith et al., 2000). Thus, it is not
surprising that position 162 mutants have phenotypes of
altered virion stabilities.
Perhaps the most unexpected phenotype was the
relative stability of reassortant 6 (F1F2F3-P129L). The
P129L mutation markedly reduced the aphid transmissi-
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analyses of chimeric virus constructs (Perry et al., 1994).
A previous study showed that P129L and S129L
mutations in CMV-O and CMV-Y backgrounds, respec-
tively, interfered with virion accumulation but not capsid
protein synthesis (Suzuki et al., 1995). Thus, it was
suspected that the effect of P129L mutation on aphid
transmission in a CMV-Fny genetic background would be
due to virion instability. Nonetheless, reassortant 6 was at
least as stable as the wild-type virus in the urea
disruption assay, indicating that virion instability was
not responsible for (did not correlate with) the defect in
vector transmission. This relative stability of reassortant 6
virions is not incompatible with structural analyses, in
that position 129 is not directly involved in subunit–
subunit interactions, although it is positioned within the
E-F (hE-aEF) loop, a structure that has subunit contacts
(Smith et al., 2000). The very poor aphid transmission of
reassortant 6 could conceivably result from effects during
the delivery phase when virions are introduced into a
host cell. The induction of a necrotic response in one or
a few cells and the slowed or inefficient movement out
of an initially infected cell might allow the host to
prevent the spread of the virus.
Reassortant 6 (F1F2F3-P129L) had different physical
properties, as evidenced by its aberrant purification
properties and its tendency to aggregate. Although
position 129 is not prominently exposed on the surface
of virions, it is accessible to solvent and may be
accessible for interactions with factors in the host or
vector. This is consistent with the fact that plant hosts
respond to CP mutations at position 129 and exhibit a
variety of symptoms; these include chlorosis, necrosis,
and restrictions in systemic movement (Ryu et al., 1998;
Shintaku, 1991a; Shintaku et al., 1992; Suzuki et al.,
1995; Wong et al., 1999).
One can envision multiple mechanisms underlying
defects in the aphid transmission of CMV. A trans-
mission-defective mutant could result from any change in
the virus that alters virion uptake or binding within aphids,
virion stability, the release of virions from bound sites, the
delivery of virions into a host cell, or the uncoating and
establishment of a systemic infection. At present, the best
mechanistic evidence is the correlative data on reduced
virion stability in spontaneous mutants and the accom-
panying structural analyses. The majority of the available
transmission-defective CMV mutants are engineered (Liu
et al., 2002; A.J. Clark and K.L. Perry, unpublished data),
and these engineered mutants appear to affect surface
charge and or structure. The simplest models would predict
an alteration in virion binding or release from bound sites
within the vector, but the more profound effects may be on
the global or dynamic properties of virions (Johnson,
2003). Viruses are dynamic structures, and it is likely that
there are requirements for dynamic behavior essential to
establishing vector-mediated infections.Materials and methods
Virus purification and RNA extraction
Two virus purification procedures were used in this
study: (i) the procedure of Lot et al. (1972), referred to here
as the standard procedure, and (ii) the CMV-M procedure
(Mossop et al., 1976) as modified by Ng et al. (2000). For
the standard procedure, a 0.5 M trisodium citrate, pH 6.5,
extraction buffer (buffer A; 1.5 M with respect to sodium)
with chloroform as a clarifying agent was used. For the
CMV-M procedure, a 0.1 M dibasic sodium phosphate, pH
8.0, extraction buffer, without chloroform was used.
Homogenized extracts from both standard and CMV-M
procedures were subjected to an initial high-speed centrifu-
gation (15000  g) in a Sorvall SLA-1500 rotor. Following
the final ultracentrifugation (132000  g) in a Beckman
55.2Ti rotor, virions purified by the standard or CMV-M
procedures were resuspended in buffer C (5 mM sodium
borate, 0.5 mM EDTA, pH 9.0) or 10 mM sodium borate
buffer, pH 7.7, respectively.
CMV-Fny and most reassortant viruses with mutant
CMV-Fny CP derivatives (the H-I loop mutants; Liu et al.,
2002) were propagated in and purified from infected
tobacco plants (Nicotiana tabacum cv. Turkish Samsun
NN) by the standard procedure. CMV-M was propagated
and purified from infected N. clevelandii plants by the
CMV-M procedure. Reassortant virus 1 (with the CMV-M
CP), reassortant viruses 2, 3, 4, and 5 (with CMV-M CP
derivatives), and reassortant virus 6 (with a CMV-Fny CP
derivative) were propagated in N. clevelandii plants. The
harvested tissues were divided into two 30 g portions and
purified by both the standard and CMV-M procedures. The
concentration of virus was estimated from absorbance
values at 260 nm, assuming an extinction coefficient of
5.0 cm2/mg (Francki et al., 1966). RNA was isolated from
purified virions by phenol/chloroform (1:1) extraction in the
presence of 0.3% SDS, 0.3 M sodium acetate, and 10 mM
EDTA, pH 7.8, followed by extraction with chloroform/
isoamyl alcohol (24:1), and ethanol precipitation at 20 8C.
General methods for the treatment of nucleic acids are as
described by Sambrook et al. (1989).
Engineering CP gene mutants
Point mutations were introduced into cDNA clones of
CMV-Fny RNA 3 (F3) and CMV-M RNA 3 (M3) by
polymerase chain reaction (PCR)-mediated mutagenesis,
as previously described (Liu et al., 2002). pM3-T162A is
the cDNA clone of CMV-M RNA 3 in which the
encoded CP amino acid at position 162 has been
modified from threonine (T) to an alanine (A). pM3-
T162A was derived using oligonucleotide 5V-GCATCTG-
GAGTCCAGGCTAATAATAAATTGTTGTGTG-3V and
its complement; nucleotides encoding the alanine codon
are indicated in bold and nucleotides that have been
J.C.K. Ng et al. / Virology 332 (2005) 397–405404modified (including flanking nucleotides encoding silent
mutations) are underlined. pF3-P129L is the cDNA clone
of CMV-Fny RNA 3 in which the encoded CP amino
acid at position 129 has been modified from proline (P)
to a leucine (L). pF3-P129L was derived using the com-
plementary oligonucleotides 5V-TGGGTGACAGTCCG-
TAAAGTTCTAGCCTCCTCGG-3V and 5V-CCGAQ
GGAGGTAGAACTTTACGGACTGTCACC-3V; nucleoti-
des encoding the leucine are indicated in bold and those
that have been modified are underlined. The construction
of the following other mutants has been described
previously: pF3-D191A, pF3-D192A, pF3-L194A, pF3-
E195A, and pF3-D197A (Liu et al., 2002), and pM3-
L129P, pM3-L129P/T162A, and pM3-L129P/T162A/
C168Y (Perry et al., 1998). All PCR-derived DNAs
were sequenced by dideoxy chain termination sequencing
using the Thermo sequence fluorescent-labeled primer
cycle sequencing kit with 7-deaza-dGTP (Amersham
Pharmacia Biotech., Buckinghamshire, UK) and an
ALFexpress DNA sequencer (Amersham Pharmacia Bio-
tech., Uppsala, Sweden).
Reassortant viruses, aphid transmission, and gel analyses
Reassortant viruses were obtained by mixing infectious
transcripts of full-length cDNA clones of CMV-Fny RNA 1
(F1), RNA 2 (F2), and specified RNA 3s as previously
described (Ng et al., 2000). The infectious transcripts were
mechanically inoculated onto the leaves of tobacco and
RNA 3s from the derived viruses were sequenced to confirm
the retention of the mutations. One to two weeks post-
inoculation, symptomatic leaves from systemic infections
were excised and used as sources for aphid transmission
experiments. Ten aphids of A. gossypii were used per target
plant. The efficiency of transmission was calculated using
the maximum likelihood estimator P* (Gibbs and Gower,
1960), defined as the estimated probability of virus trans-
mission by a single aphid, as described in previous studies
(Ng and Perry, 1999; Ng et al., 2000; Perry and Francki,
1992; Perry et al., 1998).
Membrane feeding experiments were performed using
described methods (Pirone, 1964) with virions purified by
the standard procedure and: (i) resuspended in 20 mM
sodium phosphate buffer, pH 7.0, and 20% (w/v) sucrose, or
(ii) recovered from an additional ultracentrifugation through
a sucrose gradient in 20 mM sodium phosphate buffer, pH
7.0. Starved, nonwinged aphids of all developmental stages
were observed for feeding on solutions (320 Al) of virions
through Parafilm membranes, given an acquisition access
period of 30–120 s, and then transferred onto target N.
clevelandii plants (10 aphids per plant). After 24 h, plants
were sprayed with a systemic insecticide (Othene, Valent
USA Corporation), transferred to a greenhouse, and
observed for symptoms for up to 21 days. Urea disruption
assays and agarose gel electrophoresis of viruses were
performed as previously described (Ng et al., 2000).Cloning and sequencing of RNA 3-specific cDNAs
RNA 3s of reassortant viruses purified by both the
standard and the CMV-M procedures were reversed
transcribed and amplified by PCR (Ng et al., 2000).
The amplified cDNAs were gel purified using the
QIAquick gel extraction kit (QIAGEN Inc., Valencia,
CA) prior to direct sequencing. Alternatively, the gel-
purified cDNAs were cut with PstI and BamH1, purified
by the QIAquick PCR purification kit (QIAGEN Inc.),
cloned into the vector pUC19 previously digested with
the corresponding enzymes and sequenced (Ng et al.,
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